The structure of bundles of carbon nanotubes produced by catalytic chemical vapor deposition has been studied by electron diffraction. The experimental results were analyzed with the kinematical theory of diffraction. An interpretation of the diffraction patterns demonstrates unambiguously that some bundles are made of double-walled carbon nanotubes, and not single-walled nanotubes as previously reported in Phys. Rev. B 64, 125425 (2001). In this previous work, we have focused our attention on bundles presenting one or two helicities. The interpretation of our diffraction data based on the assumption of double-walled nanotubes is shown to fit remarkably with experiment. In the present paper, the detailed analysis of an electron diffraction pattern from a small bundle exhibiting two helicities is made and we deduced the most probable wrapping indices of the two tubes constituting the double-walled nanotubes.
I. INTRODUCTION
Carbon nanotubes have been the focus of many studies in the past few years. For some properties, the exact atomic structure plays a major role. For example, depending on the helicity, single-walled carbon nanotubes (SWNT's) can be metallic or semiconducting. 1, 2 Recently, double-walled carbon nanotubes (DWNT's) have been produced by different methods [3] [4] [5] [6] [7] [8] [9] and rings of DWNT's have been observed. 10 While specific applications of DWNT's have not yet been put forward, they constitute remarkable objects for studying the effect of the interlayer interaction on the physical properties of carbon nanotubes and can be considered as the simplest multiwalled nanotubes. In previous electron diffraction (ED) studies, 11, 12 we have shown that some bundles of carbon nanotubes synthesized by catalytic chemical vapor deposition (CCVD) 13 are well organized in an hexagonal lattice and clearly display well-defined helicities (sometimes just one or two). The monodispersity of the helicities was correlated with the small size of the bundle selected for these studies. Concerning the lattice packing, information was obtained via a detailed analysis of the equatorial line (EL) of the diffraction patterns. We have deduced from these studies that large bundles are assemblies of smaller, nanocrystalline ropes of SWNT's characterized by uniform helicities and diameters. 11 An important point is that, in spite of the reasonable correspondence between the positions of the experimental diffraction spots and the values given by the simulations, the intensities of the spots were not well reproduced by the simulations under the assumption of SWNT's. Most particularly, an abnormally high intensity was observed at k around 1.8 Å −1 for some bundles (k being the momentum transfer). On the other hand, the data obtained for bundles produced by other techniques (electric arc discharge and laser ablation) displayed measurable spots only for k Ͻ 1.5 Å −1 , in agreement with simulations. 12 Different hypotheses made to explain such anomalies (coherent orientation and translation of the tubes within the bundle) cannot be used for deeper investigations. In this paper, based on recent experimental results, we reexamine some interpretations of our previously published data. 11 Our conclusions about the experimental electron diffraction patterns obtained on a CCVD sample reveal that the bundles are made of DWNT's with unique or double helicities. This interpretation suggested itself to us after we had obtained unambiguous results on the characterization of double-walled nanotube rings, 10 supported by well-resolved real space images in transmission electron microscopy (TEM) of the DWNT bundles. Such TEM images were not obtained earlier by us on straight bundles 11, 12 due to the blurring effect of the vibrations of the bundles under the electron beam. Such long isolated straight bundles were selected to achieve good-quality diffraction, which is insensitive to vibrations.
II. EXPERIMENT AND THEORY

A. Experimental part
The nanotube samples were synthesized by decomposition of methane on Co/ MgO catalyst in a temperature range from 900 to 1000°C and purified by a hydrochloric acid treatment to remove the catalyst, as reported in Refs. 8 and 13. The carbon material was dispersed ultrasonically in ethanol and one droplet was put onto a holey-carbon TEM grid and examined in a JEOL 200CX microscope working at 200 kV. The selected-area electron diffraction (SAED) patterns were recorded with a typical exposure time of 90 s on usual photographic films.
B. Description of electron diffraction
The ED pattern for a straight bundle exhibits two main features which are (i) a line crossing the central 000 spot, perpendicular to the bundle axis and called equatorial line [labeled A in Fig. 1(a) and magnified in Fig. 1(b) ]. The intensity along the equatorial line is modulated by the form factor of the nanotubes, and the positions of the (seven) spots are determined by the Bragg diffraction conditions imposed by the two-dimensional lattice of the bundle. (ii) A set of lines called "layer lines" 14 and labeled from B to I [ Fig. 1(a) ] following the k z axis (parallel to the bundle axis) and moving away from the equatorial line. The positions of the layer lines are related to the periodicity of the nanotube along its axis. On each layer line, the diffracted intensity is concentrated on elongated spots. Moreover, the distribution of the layer lines depends on the helicity of nanotubes and the tilt angle of the bundle with respect to the incident electron beam. Indeed, these spots which lay on two concentric circles centered on the 000 spot are arranged in one or two hexagons for achiral and chiral nanotubes, respectively. 15 For chiral nanotube, the angle between the two hexagons is twice the chiral angle. Further details on the general analysis of electron diffraction of carbon nanotube can be found in Refs. 14 and 16.
C. Kinematical theory of diffraction
The experimental ED patterns of carbon nanotubes are analyzed with a kinematical theory of diffraction that has proven its efficiency in this context. 16 For the simulation of the equatorial line, a continuum theory (the individual tubes being considered as continuous surface density of carbon atoms on a cylinder) has been considered. 17, 18 Within this approximation, the form factor of a single tube of radius is given by A͑k͒ = f͑k͒J 0 ͑k͒ [J 0 is the Bessel function of order 0 and f͑k͒ is the carbon atomic scattering factor] and only the central part of the equatorial line can be modeled ͑k Ͻ 3 Å −1 ͒. For a double-wall carbon nanotube, the diffracted amplitude is
( 1 and 2 being the radii of the inner and outer tubes, respectively).
On the other hand, the full atomistic description of carbon nanotubes is taken into account for the simulation of the layer lines. 14, 16 Moreover, the relative tube orientations and translations are considered as noncorrelated in the simulations of the layer lines.
III. ANALYSIS OF THE DIFFRACTION PATTERN
We return to some diffraction data obtained in Ref. 11 for straight bundles. In that paper, we focused our study on the fact that we found only one or two tube helicities inside some small bundles. From this result, no conclusions can be drawn on the ability of controlling the helicities during the synthesis. From one bundle to another in the sample, different and evenly distributed helicities were found. The result indicates that in a small bundle, the nanotubes most likely originate from the same catalytic particle and present a dominant helicity. Here, we discuss the data obtained experimentally on a straight carbon nanotube bundle, shown in Fig. 1 and previously reported. 11 We observe only two helicities in this bundle. This case is just an example among the others where precise helicities are observed.
The determination of the helicity from the ED patterns does not present difficulty, apart from the precision of the measurements. 19 In our previous paper, 11 we have estimated the helicities to be 0°and 16°for the observed bundle [ Fig.  1(a) ]. Now, we apply the method described in Ref. 20 which gives the chiral angle with a better precision (estimated error of 0.2°). This method is based on the evaluation of the ratio of the distances of the layer lines from the equatorial line rather than on the direct measurement of the angles. The obtained angle is independent of tilting of the bundle axis away from the normal to the electron beam. We found 0°and 15.3°as values for the chiral angles. For the chiral angle of 0°, the value was known unambiguously due to the fact that the diffracted spots are localized on only one hexagon. A helicity of 0°correspond to a particular tube called "zigzag." Concerning the 15.3°helicity, a few tubes only correspond to this value within the 0.2°uncertainty. In a reasonable radius range, only the (8,3) and (16,6) tubes, with radii of 3.84 and 7.71 Å, respectively, possess a chiral angle equal to 15.29°, close to the observation.
Note that due to the experimental detection sensitivity, a few nanotubes could not be detected by diffraction if their helicities were dispersed and different from the dominant helicities of 0°and 15.3°. The proportion of such minority nanotubes in our bundle should, however, be small, because overexposed pictures of ED pattern did not reveal any spots or any diffuse arcs related to a dispersion of helicities outside the 0°and 15.3°helicity spots. Moreover, if such nanotubes were present, they would affect the perfect lattice packing of the other tubes (see the well defined and spotty equatorial line), unless they were located on the border of bundle. This is indeed possible, more especially if these nanotubes had stuck the bundle after growing from another catalytic particle than that one from which the main bundle grew. In our interpretation of this ED pattern, only two helicities will be, however, considered.
Information on the packing of the nanotubes into the bundle can be obtained by considering the equatorial line of the ED pattern [ Fig. 1(b) ]. In Ref. 11, the calibration factor was wrongly estimated and the spot positions along this equatorial line have proved to be incorrect. In order to get a more precise evaluation of the spot positions, we have studied the EL's from negative photographic films taken for the same bundle but with different exposure times (Fig. 2) . We observe that some intensity profiles are not saturated, giving a better precision on the spot positions than in our first analysis.
11 To explain such a profile, different hypotheses can be considered. The first hypothesis is the one proposed in Ref. 11, namely , that the bundle is made of single-walled carbon nanotubes and is formed by two homogeneous nanobundles (to ensure the crystallinity and the fact that two helicities 0°and 15.3°are observed). The second hypothesisis that the bundle is composed of double-walled carbon nanotubes with inner and outer walls having a helicity of 0°o r 15.3°. In both hypotheses, the position of the first diffraction spot localized at 0.67 Å −1 can be attributed to the (11) or (20) Bragg spots of the hexagonal lattice that corresponds to a lattice parameter of 18.7 or 21.6 Å leading to an approximate external tube radius of out = 7.7 Å or out = 9.2 Å, respectively. The four possible cases simulated in the continuum model are shown in Fig. 3 . For the SWNT's, the two nanobundles with the two helicities have tubes with radii close to 7.7 Å if we considered the (11) Bragg spot or close to 9.2 Å if we consider the (20) Bragg spot. For the DWNT's, the radius of the inner tube in was taken as in = out − 3.3 and the bundles made of 13 ͑ = 4.4 Å͒@͑ = 7.7 Å͒ and or 13 ͑ = 5.9 Å͒@͑ = 9.2 Å͒ are computed.
For SWNT bundles, there is a poor correspondence between the experimental and the simulated positions, with some extra spots for the simulated profiles (Fig. 3, curves c  and d) . Moreover, the relative intensities of the spots in the experimental spectrum are not well reproduced by the calculations. In particular, the intensity of spot at 1.75 Å −1 is largely underestimated by the simulations in comparison with the intensities of the other spots localized closer to the central spot. Considering the other hypothesis where the bundle is made of double-walled nanotubes, we found the best agreement with the experimental profile for a bundle with the lattice parameter value of 18.75 Å (Fig. 3, curve a) . This fact indicates that the first spot localized at 0.67 Å −1 is the (11) Bragg spot, the (20) Bragg spot presents a very small intensity and cannot be associated with any experimental feature. This result means that the tubes constituting the double-walled nanotubes forming the bundle have radii close to 4.4 and 7.7 Å. Furthermore, the relative intensities observed in the experimental EL for the intense spots localized around 1.75 Å −1 are now well reproduced by the simulations. In addition, as already reported for rings, 10 the double-walled nanotubes packed into small bundles have two characteristic signatures along the equatorial line on their ED pattern: (i) the absence of diffracted intensities for 0.8Ͻ k Ͻ 1.1 Å −1 and (ii) a spot localized at k Ͼ 1.5 Å −1 more intense than in the case of single-walled carbon nanotubes bundles. Such characteristic signatures of DWNT's packed into bundle is due to destructive and constructive interferences between the form factor of the two walls [Eq. (1)]. Respectively, the ED pattern of Fig. 3 clearly presents these two characteristic features, in spite of the fact that the response function of a photographic film is nonlinear (sigmoidal).
Knowing the lattice parameter and the helicities, we next attempted to identify the wrapping indices of the tubes constituting the double-walled nanotubes in the bundle. We found only four possibilities of associating just two types of tubes. With the helicity of 0°for the outer tube, only Considering that the bundle of (11,0)@(16,6) DWNT's is best explained in the ED experiments, we detail here the full diffraction pattern in order to compare with experiment. Here, the tilt angle is a parameter which must be fixed to fully describe the experimental geometry. The positions of the layer lines depends on this tilt angle since the periodicity along the tube axis, projected on the diffraction plan depends on this angle. Differences are very visible when we observe the "layer lines" E + F and I marked by the boxes in Fig. 5 [ Fig. 5(a) is for the normal incidence and Fig. 5(b) for a tilt angle of 15°]. A second obvious effect of the tilt is that the intensities along the layer lines are modified, as clearly exemplified for the layer line E + F and I. The best agreement with the experimental ED pattern (Fig. 1) is found for a tilt angle of 15°[ Fig. 5(b) ]. Indeed, as shown in Fig. 6 , the intensity oscillations along the layer line E + F is well reproduced considering a tilt angle of 15°, and this fact is further confirmed if we consider the others lines (no shown here). Note that the bundle tilt does not, or very weakly, affect the equatorial line and the information we get from Figs. 2-4 are still valid.
The analysis of layer lines also allows us to separate the contribution of the inner and outer tube because their contributions do not interfere for a given k z due to the noncommensurate periodicity of these tubes. 19 The example is given here with the layer lines C and D associated with 0°and 15.3°of helicity, respectively. The experimental profiles are compared with simulations of the same layer lines considering the (11,0)@(16,6) DWNT and (8,3)@(19,0) DWNT bundles, both with a tilt angle of 15° (Fig. 7) . Oscillations are observed along these symmetric lines. These oscillations are related to the diameter of the considered tube. 19 A simple visual comparison of the distances between the oscillation maxima for the simulations and for the experimental data allows us to conclude that the bundle made of tubes with a helicity of 0°for the inner tube and 15.3°for the outer tube is the best candidate [this result is confirmed by the study of the layer lines C and D for the two other cases displayed in Fig. 4 (not shown)] .
However, we note that more complex situations can occur. For example, if we consider four tubes: tube 1 ͑ 1 , 1 ͒, tube 2 ͑ 2 , 2 ͒, tube 3 ͑ 1 , 2 ͒, tube 4 ͑ 2 , 1 ͒, with 1 and 2 the inner and outer radius, and with 1 and 2 helicities of 0°and 15.3°, respectively, they can be associated to form doublewalled nanotubes as tube 1@tube 2 + tube 3@tube 4, tube 1@tube 4 + tube 3@tube 2, etc. For example, the bundles could consist of ͑11, 0͒@͑16, 6͒ + ͑8,3͒@͑16, 6͒ DWNT's or ͑8,3͒@͑19, 0͒ + ͑11, 0͒@͑19, 0͒ DWNT's. A particular case is the association of two monochiral DWNT nanobundles, one with 0°and the other with 15.3°of helicity, respectively. An example is a bundle mixing (11,0)@(20,0) and (8,3)@(16,6) and DWNT's. From the energetic point of view, the registry between two tubes with identical helicity could be favored. Indeed, the fact that a few bundles in our sample (not detailed here) were identified as composed of double-walled nanotubes with unique helicity suggests that a bundle made of (11,0)@(20,0) nanotubes could have coalesced with a bundle made of (8,3)@(16,6) nanotubes. For this particular example, the oscillations localized around 3 and 4 Å −1 along the layer line C (Fig. 7) appear as double peaks, which does not seem to be the case in the experimental profile. The doubling of these oscillations arises from the two different diameters of the "zig-zag" nanotubes. Mixing (11,0)@(20,0) and (8,3)@(16,6) nanotubes has much less effect on the other layer lines than on the layer line C compared with the pure (11,0)@ (16, 6) bundle. Therefore, the hypothesis that the bundle contains monochiral (11,0)@(20,0) and (8,3)@(16,6) DWNT's cannot be ruled out definitively.
IV. CONCLUSIONS
The study of the ED pattern for a small bundle of carbon nanotubes reveals that it was made of DWNT's. A helicity of 0°has been attributed to the inner tube and one of 15.3°to the outer tube. This small bundle could then be constituted of (11,0)@(16,6) DWNT's. However, several other cases can be considered associating different types of tubes with the two helicities, a particular example being the bundle mixing of two monochiral nanobundles of (11,0)@(20,0) and 
